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SUMMARY 

An investigation was made a t  a Mach nurmber of 1.38 and a Reynolds 
number of 3gO,OoO t o  determine the supersonic aerodynamic characteristics 
of several wings having M and W plan forms. The w i n g s  had panel sweep 
angles of 60° and NACA 65AoO6 a i r f o i l  sections and were untapered. The 
basic  aspect  ratio was 4, but  several   t ip plan-form modifications which 
increased  the  aspect  ratio w e r e  examined. The results are cornpazed with 

tested as semispan models mounted from the  tunnel wall wfth no  provision 
made for removing the  tunnel boundary layer. The t e s t  results, therefore, 
were undoubtedly influenced by interactfon of the models wlth the tunnel 
boundary layer. 

* approximately  equivalent results for  sweptback wings. The wings w e r e  

Alterations of wing-tip  plan form caused significant changes Fn the 
characteristics of the W-sing but seem t o  have changed only the localized 
t i p  loading of the "wing. The "wings experienced  higher lift-curve 
slopes than the W-wings but values of maxlmum l if t-drag  ratio were com- 
parable f o r  the two types of plan form and f e l l  between those of the 45O 
and 60° sweptback wings. Values of lift-curve  slope and minimum drag 
coefficient for the M plan forms were about  equal t o  those of the r ig id  60' sweptback wing. The serious pitching-moment nonlhear i t fes  observed 
with the 60° swept w h g  were considerably  reduced by use of the M plan 
form and were essentially e l m a t e d  with the W plan form. 

The use of w i n g s  having M o r  W plan f o r m  has been proposed as one 
possible method of obtaining the drag  benefits of sweepback at  transonic 
speeds without the undesirable  stability  chazacteristics  frequently 
encountered a t  high l i f t   coe f f i c i en t s  on highly sweptback wings. Experi- 

I. 

. merits reported i n  reference 1 indicated that at transonic speeds much of 
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the  drag  effect of sweepback w a s  realized  by M- and  W-wings  and  the 
aerodynamic-center  movementrj in the  transonic  range  were  much  less  severe 
than for  the  conventional  sweptback  wing.  Certain  structural and .aero- a 

elastic  benefits of M- and W-wings are also discussed in reference 1. 
A low-speed  stability  investigation  of a model having a W-wing  (ref. 2) 
indicated  stability  characteristics  superior  to  those of a corresponding 
sweptback w i n g .  The  use of M- and W-wings on a complete  model  havlng 
various  tail  locations has been  investigated  at  high  subsonic  speeds and 
reported in reference 3.  

&e supersonic  characteristics  of M and W wing  plan  forms  have  been 
essentially  neglected  except  for  the  determination  of  zero-lift  drag at 
Mach  nuuibers up to 1.4, reported in reference 4. The  purpose of the 
investigation  reported  herein was to provide  more  complete  longitudinal 
characteristics of M- and W-wings at a low supersonic  speed. As a part 
of this investigation,  the  effects of several  tip  plan-form  modifications 
to  these w i n g s  were  determined. 

The  tests  reported  in  the  present  paper  were  made  during  the  summer 
of 1950 but  the  results  were  not--  published  because  of  their small scale 
(Reynolds nunber of 393,000) and  because  they were undoubtedly  influenced 
by  Fnteraction  of  the  model w i t h  the  tunnel  boundary  layer.  Inasmuch as 
no  other  results  on  lifting  characteristics  of M- and  W-wings  at  super- 
sonic  speeds  have  became  available,  the  small-scale  results  are  published 0 

at this  time. 

CL 

CD 

lift  coefficient, - Lift 
qs/2 

drag  coefficient, 

N D  drag  coefficient  due  to  lift 

cm pitching-moment  coefficient  about 0.25c', 
Pitching  moment 

@ 
CB bending-moment  coefficient  about  root  chord, 

Bending moment 

9 dynamic  presaure, - - 2 '  
pv2 lb/sq  ft 
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S twice area of semispan model, sq ft 

0 

E m e a n  aerodynamic  chord  of  wing, - 
S 

C local w i n g  chord,  ft 

b twice  span of semispan  model, ft 

Y lateral  distance from root,  ft 

P air density,  slugs/cu ft 

v airspeed, f p s  

a angle of attack,  deg 

YCP bteral center-of-pressure  location,  fraction of semispan, cB/& 

Yca lateral distance to centroid of area, - sb 
of  semispan 

L/D ratio  of U t  to &ag 

Drawings of the  semispan wings of M and W plan  form are given in 
figures l(a) and l(b), respectively.  One wing of M plan form and  one 
of W plan  form  were  constructed of solid  steel for this investigation. 
Each wing was made  originally Kith the  longest  tip sham for  that wing 
in  figure 1. &e tip  airfoil  sections  were  similar  to  those of the main 
wing. During  the  test  pro@-am,  the  tips  were cut back  successively  and 
tests  were  made  with  each of the  other  tip plan forms  shown in figure 1. 
Each w i n g  and  tip  configuration was tested with smooth leading edge and 
with very fine-grain  roughness  applied  to  the fo&d IO-percent  chord 
on upper  and  lower  surfaces. 

* The  models  were  tested in the Langley 6-inch  supersonic  tunnel  whfch 
is  described in reference 5. The madels were mounted through the tunnel 
side w a l l  so that  the w a l l  served as a reflection  plane.  The  gap a r o d  

a 
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the w i n g  root was sealed  with  sponge  rubber  to  prevent  air  leakage.  Aero- 
dynamic  forces and moments w e r e  measured  by a 5-component  electrical 
strain-gage  balance.  The  tunnel air temperature was kept  above 180° F b 

during  the  tests  to  avoid  the  effects  of  moisture  condensation in the 
test  section.  The  resulting  test Reynolds number was about 390,000. 
During  the  tests,  the  pressure  distribution along the  top of the  tunnel 
was observed  to  insure  that  the  tunnel normal shock  remained  downstream 
of  the  test  section. 

RESULTS AND DISCUSSION 

Effects of tunnel  boundary layer. - Inasmuch as the  tunnel  boundary 
layer  undoubtedly  influenced  the  test  results,  the  possible  boundary- 
layer  effects  will be discussed  briefly  before  the  test  results  are  pre- 
sented.  Measurements  have  indicated  that at the  model  position  the  total 
boundary-layer  thickness was about 0.25 inch and the  displacement  thick- 
ness was about 0.035 inch.  Although  previous  experimental  studies  indi- 
cated  that  good  agreement was obtained  between  tests  of  semispan  trian- 
gular  wings  in  this  tunnel  and full-span triangular wings in other 
facilities,  the  possibility  remains  that  the M and W plan forms may inter- 
act  with  the  boundary layer in a more  serious manner. 

In the  case of the W-wing the  pressure  disturbances at the wing root 
would be  propagated  forward in the  boundary layer and  the  resulting 
boundary-layer  thickening  would  create a shock  originating on the  tunnel 
wall appreciably  ahead  of  the  model  root.  This  shock  would  cross  the 
outer  wing  panel  well  ahead of the  Mach  line f r o m  the  root  leading  edge. 
Under  lifting  conditions-this  shock  would  be  expected  to  cause  changes 
in both flow direction  and  velocity  and  thus  would  alter  the load distri- 
bution  over  the wing. 

With  the  "wing  the  tunnel-boundary-layer  effects may be  even  more 
severe  because  the  boundary  layer is acted on by  pressure  disturbances 
not only from the wing root  but  from  the  entire  leading  edge  of  the 
inboard  panel. It  is  conceivable that the  shock f r o m  the  thickened  bound- 
ary layer  and  the  shock from the  leading  edge  of  the  midsemispan  juncture 
may interact  to  form a choked  region ahead of the  inboard part of the 
win@;= 

Although  the  magnitudes  of  the  effects  of  the  tunnel  boundary  layer 
are  not bnown, the  comparison of wing plan forms presented  probably  illus- 
trates  at  least  quali-ktively  the  relative  merits of the  plan forms con- 
sidered. Certain  phases of the  results  such as the  effects of the  tip 
extensions  on  the  W-wFng  are  probably  nearly  unaffected  by  the  tunnel 
boundary layer. 
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Basic  data.-  The  basic  aerodynamic  characteristics of the  vezious 
wfng  and  tip  configurations  investigated  are  presented in figures 2 to 6 .  
Each figure  cont&ins  results  obtained on a given  configuration  with  and 
without  leading-edge  roughnees.  The  addition of roughness  generally  pro- 
duced an appreciable  increase in minirmrm drag and in some  cases an improve- 
ment  in  the  linearity  of  the  variation of pitching-moment  coefffcient  with 
lift  coefficient  at low values of l i f t  coefficient. 

. 

Various  aerodynamic  parameters  determined from the test  results  are 
summarized in table I. Slope  measurements  to  determine  these  parameters 
were  made  over a lift-coefficient  range from -0.2 to 0.2. Values of 

the  departure from linearity  which  occurred  at law lift coefficients  for 
some configurations.  Values of kin and (L/D)- are  not  presented 
with  leading-edge  roughness  because of the  probability that drag conpx- 
isons  were  compromised  by  differences in applied  roughnese. 

a",/a"L 
for  the  smooth-leading-edge  cases  =e not presented  because of 

In the  absence  of  leading-edge  euction,  the  resultant  force  produced 
by  angle  of  attack  is  directed normal to  the  chord  plane.  For this case 
the  drag-rise  factor hCDpL2 would  be  equal  to  the  reciprocal  of  the 
lift-curve  slope in radians.  The  presence of leading-edge  suction is 

curve-slope  reciprocal.  Values  of  the  lift-curve-slope  reciprocal  are 
included in table I for caparison with  the  drag-rise  factor. 

- therefore  indicated  by a value  of  drag-rise  factor  less khan the  lift- 

Effect of tip  extensions.-  Addition of the  tip  extension  to  the 
"wing resulted  in a movement  of  the  center of pressure  re&rwaxd  relative 
to the  mean  aerodynamic  chord  and  outward  relative  to  the  centroid  of 
area  together  with a small increase in lift-curve  slope.  These  effects 
are  particularly  noticeable  with  the  rough  leading  edge.  At a Mach nun- 
ber of 1.38 the  change in tip  plan form should affect  the loading only 

, over a small region  at  the  tip of the "wing. It may  be  concluded,  there- 
fore,  that  the  tip  region of the "wing carried  considerably  more  load 
with  the  extended  tip  than  with  the  streamwise  tip. 

The  "wing with the s t r  se  tip  and smooth leading  edge q e r i -  
enced a drag-rise  factor % which was noticeably  greater t m  the 
lift-curve-slope  reciprocal in radians.  This  is  probably  indicative of 
the  existence of flow separation  even in the l o w  lift-coefficient  range 
over which  the  parameters  were  measured.  Inasmuch  as  the  addition of 
leading-edge  roughness  essentially  eliminated  the  effects of the s e w a -  
tion,  the  separation was probably  the  result  of  extensive laminar b o u n d q  
layer and w o u l d  not  be  expected to occur  at high Reynolds  number.  For 
this  reason,  little  significance  should  be  attached  to  the  increase in 
(L/D),, resulting from addition  of  the  tip  extension  to the "wing. 

F 
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Changes in the  tip  plan  form of the  W-wing  could  produce  loading . 
changes over a considerable  part of the  wing  because,  at a Mach number 
of 1.38, the  entire  outer  panel  and part of  the  inner  panel  lie  within . 
the  tip  Mach  cone.  The  results in table I show  that  appreciable  increases 
in lift-curve  slope  were  produced  by  either  tip  extension  on  the  W-wing. 
The  lateral  center  of  pressure  of  the  W-wing with streamwise  tip was well 
inboard of the  centroid  of  area,  but  the  ad.dition of tip  extensions 
brought  these  points  closer  together until they  essentially  coincided 
for  the  longest  tip.  Both  tip  extensions  produced  considerable  forward 
movement of the  aerodynamic  center. 

Appreciable  reductions in drag-rise  factor  were  produced  by  both 
tip  extensions  on  the  W-wing  but  increases in minimum drag  also  occurred 
so that  the  resulting  values of (L/D)- were  about  equal  to or less 
than  that for  the  wing with streamwise  tip. 

Comparison of M,  W, and  swept-plan  forms.- A comparison of the M asd 
W plan forms shows  that  the  "wings  had  considerably  higher  lift-curve 
slopes than the  W-wings.  The  lowest  minimum  drag  coefficient was weri- 
enced  by  the  W-wing  with  streemwise  tip.  Addition  of  the  tip  extensions 
to  the  W-wing,  however,  increased  the  minimum  drag  coefficient  to  values 
greater  than  those for either "wing. 

Examination  of  the  values of drag-rise  factor and lift-curve-slope 
reciprocal in table I indicates  that  the W-xfng with all  tip  configura- 
tions  exhibited  appreciable  leading-edge  suction;  whereas  the "wing 
showed  essentially  none.  For  this  reason,  the  values of (LID)- f o r  
the  W-wings  were  comparrable tu those for the  "wings in spite of the 
lower  lift-curve  slopes of the  W-wings. 

It  is  of  interest  to  compare  the  results of the  present  investiga- 
tion  with  the data of reference 5 which  presents  the  characteristics of 
a series  of  sweptback wings having the same airfoil  sections and tested 
in the same  test  facility  at  the same Mach nmber as the w3ngs of  the 
present  investigation.  The  sweptback  wings had an aspect  ratio of 4 and 
a taper  ratio of 0.6. 

The 60° sweptback wing had a lift-curve  slope  uncorrected  for  flexi- 
bility  about  equal  to that of  the  W-wings with extended  tips. When cor- 
rected  to  the  rigid  condition,  the  eweptback-wing  lift-curve  slope  became 
about  equal  to  that  of  the  "wings.  The  lift-curve  slopes of the M- and 
W-wings should  be  much  less  affected  by  flexibility than that of the 
60° sweptback  wing for comparable w i n g  structures.  (See  ref. 1.) 

Before compming drag  characteristics,  account  should  be  taken of 
the  end-plate  drag  included in the  sweptback-wfng  data. As stated in 
reference 5 ,  the  end-plate  drag  coefficient was 0.002 for the 45' swept 
wing at zero lift. If this value is  assumed  to  be  independent  of  angle 



of attack and  sweepback, the  corrected  values of minimwn-drag coefficient 
become 0.019 and 0.010 f o r  the 45O and 60° swept w i n g s ,  respectivew, 

the 45O and 60° swept  wings, respectively. 

b Similarly,  the  corrected  values of (L/D)- become 6.3 and 9.6 f o r  

The values of C given in table I for  the M- and W-wbgs w i t h  %in 
streamwise t ips   are  about  equal t o  that of the 600 swept wing. Although 
some increase in m i n i m u m  drag  resulted from addition of the   t ip  exten- 
sions, a l l  values of C f o r  the M- and W-wings w e r e  much less  than 

that of the 45O swept wing. All the values of (L/D)- for  the M- and 
W - w t n g s  f e l l  between those of the 45O and 60° swept w i n g s .  

%in 

Figure 7 presents a comparison of the aerodynamic characteristics 
of the M- and W-wings w i t h  streamwise t ips  w i t h  those of the 60° swept- 
back wing of reference 5.  The ccmpaxison is  for  the smooth-leading-edge 
condition and no corrections have been applied  for f l e x i b i l i t y  o r  f o r  the 
end-plate  drag of the sweptback wfng .  The 60° meptback wing exhibited 
severe  nonlinearities fn the  variation of C, wfth CL, These nonlin- 
ear i t ies  were considerably reduced by we of the E4 or W plan form  and 
were essentially  eliminated w i t h  the W plan form w i t h  roughened leading 

- edge (figs. 4 t o  6), in   the  .range of lift coefficients  investigated. 

CONCLUDING REMARKS 

A n  investigation was made a t  a Mach nmber of 1.38 and a Reynolds 
number of 390,000 t o  determine the  supersonic aerodynamic characteristics 
of several wings having M and W plan forms w i t h  panel sweep angles of 60°. 
The results have been campared w i t h  approximately  equivalent results for 
sweptback wings. The results were undoubtedly hfluenced by interaction 
of the model w i t h  the tunnel boundary layer. 

Alterations of wing-tip  plan form caused significant changes in the 
characteristics of the W-wing but seem t o  have changed only the  localized 
t i p  loading of the “wing.  The M - m s  experienced higher lift-curve 
slopes than the W-wings, but  values of maxFmum l if t-drag  ratio w e r e  com- 
parable f o r  the two types of plan form and fe l l  between those of the 45O 
and 60’ sweptback wings. Values of lift-curve  slope and m i n i m =  drag 
coefficient f o r  the “ w i n g  plan forms were about equal t o  those of the 
r igid 60° sweptback w i n g .  The serious pitching-moment nonlinearities 
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observed  with  the 60° swept-wing  were  considerably  reduced  by  use of the 
M plan  form and were  essentially elimhted with  the W plan form. 

Langley  Aeronautical kboratory, 
National Advisory Committee for Aeronautics, 

Langley  Field, Va., April 1, 1954. 
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SUMMARY OF RESULTS 

. 
ICLa.  . . . . . .  . .  

. .  

. .  

. .  . .  

. .  

. .  

Smooth leading edge 

0.0460 
O.OOg5 . O.OIl5 0.0105 
0.0330 o.OL65 

7-15 7.55 7.50 
0.19 0.215 

0.366 0.420 
0.150 

0.464 0.455 0.498 
0 - 529 0 376 0.380 
0.482 

0.500 0.500 0.456 

Rough leading edge 

0.0450 0.0315 0.0473 
0.390 0.518  0.371 
0.388 

-0.249 -0.169 -0.102 

0 473 0.487 0 .kg1 
0.554 0.369 

0.500 0.500 0.456 

0.0392 
0.0120 

7.55 
0.175 

0 373 
0.4-45 
0.447 
0.469 

0.0380 
0.0130 

6-90 
0.180 

0.376 
0 -460 
0.446 

0.446 

0.0360 

0.485 

0.452 
0.469 
-0.175 

0 -402 
0.0370 
0 . 423 
0 -472 
0.451 
0.446 
-0.165 
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Moment 
reference ax is 

at 0.252 

025 chord h e .  

Jahfated wing dafa 
Aspect ratio 534 
Mean aerodynamic d r d  L233in. 
Area (twce semispan) 00499sq I? 
Aidoil section parah'el NACA 65A006 

to free stream 

I 

(a) M - W ~ I ~ S .  

Figure 1.- Dimenalms of t e s t  models. 

.. . 

k 2 . 5 4 6  -1 

4.00 
l2 73in. 
00450sq. fli 

NACA 65A006 
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TduMed wing dafa 
Aspect mtio 5.81 4.89 
Mean oerowmic chord 1.220in. L246h. 
Area (trcice semlspanl 0. mf4 sq fl: 0.0433s4 15: 
Mod sechon parallel M C A  65AO06 NACA 654006 

to free stream 

(b) W-uings. 

4.00 
1.2 nin. 
0 0450 sq. H: 

M4CA 654006 

Figme 1 .-- Concluded. 



.20 

./5 

.IO 

.05 

0 

, 8  76 -4 :2 0 .2 4 .6 .8 
L i f t  coefficient,CL 

Q 
p" 

Figure 2.- Aero3y-nami.c characteristics of "wing w i t h  strearuwise t i p .  



NACA RM L 9 D l 5 s  

.3 
. 

. -  
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Liff coefficienf,CL 
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Figure 3.- Aerodynamic characteristics of "wing with t ip  extension. 
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58 -.6 -4 12 0 2 4  .6 .8 
L ift coefficient,C' 

F i g w e  4.- Aerdynamic chwacteristics of W-wing w i t h  streamwise t ip .  
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Figure 5.- Aerodynamic characteristics of W - w i n g  with s m a l l  t i p  extension. 
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Figure 6.- Aerodynamic  characteristics of SJ-wing with  large  tip extension. 
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-.8 -6 -4 -2 0 .2 4 .6 .8 
L if f coeff h e n  f , C, 

Figure 7.- Comparison of aeroaynamic characteristics of 60' sweptback 
wing and M- and W-wings with streamise tips and smooth  leading  edge. 
A l l  data  uncorrected for flexibility. 
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